Purpose: Pilot studies of combined therapies treating benign nodular goiters reported promising results. The aim of this study was to investigate the effectiveness of combined microwave ablation (MWA) and radioiodine therapy (RIT) with a special focus on thyroid function at the 3-month follow-up. Materials and Methods: 15 patients (median age: 55 years) with a large goiter and benign thyroid nodules or Graves' disease were treated with the combined therapy. Serum levels of triiodothyronine (T3), thyroxine (T4), thyrotropin (TSH), thyroglobuline (Tg) and, additionally, antibody levels against thyroglobulin (TgAb), thyrotropin receptors (TRAb) and thyroid peroxidase (TPOAb) were measured at enrollment, post MWA and at the 3month follow-up (3MFU). Furthermore, the goiter volume, I-131 dose and hospitalization time were analyzed to evaluate effectiveness. MWA was operated under local anesthesia with a system working in a wavelength field of 902 to 928 MHz. Results: TSH, T4, T3 and Tg did not change at 3MFU, except for in two patients in whom the initial TSH levels improved to normal thyroid functioning levels at follow-up. One of the patients developed a high TRAb-level that receded back into the normal range. At 3MFU, the combined therapy showed a mean thyroid volume reduction of 26.4 ml ± 7.9 ml (30.5 % ± 4.6 % (p < 0.05)). By utilizing the combined therapy, administered activity could be reduced by 26.6 % ± 4.8 % (p < 0.05) and hospitalization time by 30.9 % ± 19.9 % (p < 0.05). Conclusion: The data confirmed the effectiveness of the combination of MWA with RIT. The combined therapy is an innovative and conservative approach and could become a safe alternative to surgery for the treatment of very large benign nodular goiters. Due to the short follow-up and the limited number of patients, further studies will be necessary.
A frequently encountered problem regarding the thyroid gland is growing goiters. Goiters with growing benign nodules cause problems and thus require treatment. Common problems are cosmetic issues, local pain, subjective symptoms, caused by compression of the trachea or esophagus, and systematic symptoms of hyperthyroidism or anxiety about malignant change [1] . Conventional treatments of nodular goiters include thyroidectomy and radioiodine therapy. The surgical approach is frequently preferred for patients with nodules larger than 5 cm [2, 3] . The reason is that in large nodules with more volume, I-31 therapy is less effective and side effects are more frequent due to the higher doses required for larger volumes [4, 5] . Although surgery remains the standard of care, nonsurgical treatment may be an acceptable option. New image-guided minimally invasive approaches such as radiofrequency therapy (RFT), laser ablation therapy (LAT), percutaneous ethanol injection therapy (PEIT) and high intensity focused ultrasound (HIFU) offer an effective, safe and less expensive alternative to surgery for treating symptomatic or enlarging nodules [6 -8]. Thermal ablation with microwaves (MWA) represents a fairly new therapy for thyroid nodules. It has already been used successfully for the treatment of malignancy in the liver, lung and kidneys [9] . The technique's effectiveness for volume reduction in thyroid nodules has been proven in various studies [1, 10, 11] . Nevertheless, these nonsurgical minimally invasive treatments have their limits, especially, for the treatment of very large nodular goiters. As thermal ablation therapy would need a couple of treatment sessions and would be a lot more time-consuming, it is fairly difficult to use thermal ablation as monotherapy for the treatment of very large nodular goiters. For example, HIFU has a treatment time of about 12 minutes per milliliter, whereas the treatment time is about 30 minutes for RFA and about 15 minutes for MWA for a nodule volume of 4 -5 ml. MWA was chosen for combined therapy as it yielded better results regarding the ablation zone, treatment time and had less side effects in comparison to other thermoablative techniques [12 -14] . It is well established that RIT causes a volume reduction in an acceptable magnitude. Nevertheless, it is also well known that volume reduction is a slow process and improvement can only be observed 3 to 36 months after treatment whereas MWA immediately destroys the total nodule volume during therapy. Therefore, necrotic tissue and the onset of volume reduction can be observed instantly after treatment. Patients feel a relief of subjective symptoms, e. g. tension or swallowing problems. Another important aspect is the side effect-benefit ratio that has to be considered beyond a specific amount of calculated required radioiodine dose. Radioiodine-131 should only be administered up to a maximum level (in this institution: 1300 MBq) to avoid adverse events such as trachea stenosis and to reduce unreasonably dangerous irradiation to healthy tissue. According to Marinelli et al. [15] , a reduced amount of radioiodine-131 leads to a reduced radiation dose and therefore to an insufficient treatment (or the necessity of a second RIT). The combination of MWA and RIT allows a more effective treatment in cases of large nodular goiters that could not have been sufficiently treated by a RIT monotherapy due to calculated required radioiodine doses beyond 1300 MBq. The pre-RIT reduction of thyroid volume by MWA leads to a reduction of required radioiodine dose and therefore enables a more sufficient and safer RIT. Based on the formula by Marinelli et al., the required activity can be decreased by reducing the target volume: *Mass of target volume = vital thyroid volume -MWA ablated tissue (avital) In an earlier study, the combined therapy showed promising results in volume reduction (24 ± 6 %), hospitalization time reduction (28 ± 6 %), which is important in Germany, and therefore a potential reduction of administered I-131-dose (24 ± 6 %) [16] . This study aims at assessing the efficacy of the combined MWA and I-131 treatment of benign thyroid diseases at a 3-month follow-up (3MFU), focusing on the development of thyroid function and thyroid volume. The local ethics committee approved the study protocol and written informed consent was obtained from all subjects before starting therapy.
Materials and Methods

Chronological overview
1. Enrollment assessments 2. Radioiodine uptake test (RIUT)one week before therapy 3. MWA, re-evaluation assessments, RITon the same day 4. 3-month follow-up (6-month follow-up)
Assessments
All patients underwent pre-therapy assessments, post-MWA assessments and assessments at 3MFU including US, laboratory tests and functional imaging with Tc-99m-Pertechnetat and in some cases Tc-99m-Methoxy-isobutyl-isonitril (MIBI).
Ultrasound evaluation
US imaging was conducted with a B-mode ultrasound scanner (Sonix Touch Ultrasound system, Ultrasonix Medical Corporation, Richmond, Canada) to evaluate the volume, size, and composition of the nodules and thyroids.
Laboratory evaluation
All serum levels were determined with commercially available immunoradiometric assay (IRMA) and radioimmunoassay (RIA) kits. A complete thyroid hormone status, including triiodothyronine (T3) determined by RIA (T3[I-125] RIA Kit, Izotop, Budapest, Hungary), thyroxine (T4) determined by RIA (T4[I-125] RIA Kit, Izotop, Budapest, Hungary), thyrotropin (TSH) determined by IRMA (SELco ® TSH rapid, Medipan GmbH, Dahlewitz, Germany) and thyroglobulin (Tg) determined by IRMA (Riason ® Tg c. t., Iason GmbH, Graz-Seiersberg, Austria) was analyzed. Moreover, antibody detection tests were performed, namely against thyroid peroxidase (TPOAb) determined by RIA (anti-TPO magnum, Medipan GmbH, Dahlewitz, Germany), thyreoglobulin (TgAb) determined by RIA (anti-Tg magnum, Medipan GmbH, Dahlewitz, Germany) and thyrotropin receptor (TRAb) determined by RIA (TRAb Human RIA, Brahms GmbH, Henningsdorf, Germany). Reference ranges were defined as follows: T3: 1.0 -3.3 nmol/L; T4: 55 -170 nmol/L; TSH: 0.3 -4.0 mE/L; Tg: 2 -70 ng/mL; TPOAb: < 50 IU/ml; TgAb: < 50 IU/ml; TRAb: < 1.5 IU/L.
Functional imaging
All patients received Tc-99m-pertechnetate and in some cases Tc-99m-MIBI-scans. Scintigraphic images were taken 20 minutes after administration of 75 MBq Tc-99m-pertechnetate and recorded with a scintillation camera (Mediso Nucline ® TH/22). Patients with "cold" nodules were re-evaluated with a Tc-99m-MIBI scan to exclude malignancy. Scintigraphic images were taken 10 and 60 minutes after administration of 500 MBq Tc-99m-MIBI.
Radioactive iodine uptake test (RIUT)
The RIUT was performed one week before combined therapy as described in the guidelines by Dietlein et al. [17] . After administration of a test capsule with a dose of 2 -4 MBq I-131, the course of activity was monitored by measuring the residual activity in the thyroid 2, 48 and 96 hours after administration. From these measurements the individual effective half-life and extrapolated maximum accumulation (ema), defined as the extrapolation of monoexponential iodine excretion of the thyroid to the time of application (t = 0), were calculated.
Combined therapy of MWA and RIT Microwave ablation equipment
The microwave unit consists of a microwave generator, a flexible low-loss coaxial cable and an internally cooled shaft antenna. The system used (Avecure MWG881, Med-Waves, Inc. San Diego, CA) works in a frequency range of 902 to 928 MHz and generates maximum temperatures of approximately 140°C. The target temperature was 60 -80°C with an output of 24 -28 W. The frequency is automatically controlled with real-time temperature and reverse-power feedback during ablation to optimize ablation safety, efficiency, energy transfer and predictability. According to individual aspects of each patient, three different probes (14 -16 G; small, medium or large) with diverging ablation areas can be used. The ablation field varies from 1 cm to 4 cm.
Microwave ablation procedure
At first the patient was placed in a supine position with a hyperextended neck. Before inserting the microwave probe, aseptic conditions were assured and the nodule volume was reevaluated with ultrasound ( • " Fig. 1A ). After determination of the best puncture site, local anesthesia (Scandicain 1 %) was applied and the skin was incised by 1 -2 mm ( • " Fig. 1B) . The trans-isthmic approach is commonly used for thermal ablation for thyroid nodules, making it easier to observe the microwave antenna and its surroundings (nerves and vascular structures). The probe was positioned under ultrasound guidance. The method assures that the microwaves are inserted directly into the nodule ( • " Fig. 1C) without damaging the danger triangle, including the recurrent laryngeal nerve, esophagus and trachea. The generator was turned on as soon as the antenna was precisely positioned. By the dipole moment of water molecules, oscillation and, consequently, heat are created in the tissue surrounding the antenna, thereby inducing irreversible coagulation necrosis. During the procedure the temperature was monitored to avoid excessive heat and real-time ultrasound was used to assure the correct position of the probe. At run time, ablation real-time ultrasound also enabled the observation of echo transformation in the nodule. Heat induction was stopped as soon as the whole nodule was hyperechogenic and covered with microbubbles, both of which symbolize heat development ( • " Fig. 1 D, E) . In larger nodules the tip of the antenna can be repositioned to destroy the entire nodule volume ( • " Fig. 1F ). Furthermore, internal fluid in cystic nodules should be aspirated before ablation. During treatment the pain status and well-being should be observed and, if necessary, power can be reduced or turned off for a few seconds. To verify no injury to the laryngeal nerve, the physician talked to the patient to asses changes of phonation.
Radioiodine therapy
Four to five hours after the treatment and re-evaluation of nodule and thyroid volume, Tc-99m-pertechnetate uptake and laboratory values, the physician administered the I-131 capsule with the specific individually calculated I-131 dose. Patients treated with methimazole (MMI) were asked to discontinue taking the medication to obtain suppressed levels of TSH at the time of I-131 administration. I-131 therapeutic activity was aimed at delivering 150 Gy to patients with a goiter and 250 Gy to the patient with Graves' disease.
Results
!
Volume reduction
In every patient the nodule was completely destroyed by MWA. A comparison of thyroid volumes before therapy and at 3MFU ( • " Fig. 2) shows a significant mean volume reduction of 26.4 ml ± 7.9 ml, implying a mean relative reduction of 30.5 % ± 4.6 % (p < 0.05) (range of volume reduction: 18 -47 %). • " Table 1 presents a detailed list of volume reduction achieved in every patient. • " Fig. 3 depicts the volume reduction achieved in patient no. 10.
Activity and hospitalization time (HT) reduction
Dosimetric results are summarized in • " Table 2 .
The mean required activity without reducing target volume by MWA was 2116 ± 701 MBq, while the mean required activity utilizing MWA prior to RIT was 1553 ± 537 MBq. This implies a mean absolute activity reduction of 563 ± 102 MBq and a relative reduction of 26.6 % ± 4.8 % (p < 0.05) using the combined therapy. Additionally, there was a significant reduction of hospitalization time for some patients. The mean hospitalization time for classic RIT was 6.5 ± 1.8 days to reach the permissible value of 250 MBq to be discharged from hospital, whereas the hospitalization time for combined therapy was 4.5 ± 1.4 days. This reflects a mean time reduction of 2 ± 0.7 days and a relative reduction of 30.9 % ± 19.9 % (p < 0.05).
Blood tests
All serum levels before MWA and at 3MFU are summarized in • " Table 3 . T3 and T4 levels remained within normal limits in all patients. TSH levels improved or remained in normal limits in 13 out of 15 patients. Before treatment and at 3MFU, two patients (no. 6 and no. 15 ) showed values below the euthyroid range. However, the patients had no signs of hyperthyroidism. In all patients Tg levels were elevated significantly in the measurements after MWA but decreased back to baseline values at 3MFU.
Antibody measurement
Antibody measurements are summarized in • " Table 4 . The patient treated for Grave's disease (no.4) showed increased anti- Abb. 2 Vergleich der Schilddrüsenvolumen vor der Kombinationstherapie und bei der 3-monatigen Kontrolluntersuchung (* p < 0,05).
Tg, TRAb and anti-TPO levels before treatment and at 3MFU. The TSH level in this patient increased to normal levels 3 months after treatment. Another patient had elevated anti-TPO before treatment and at follow-up, showing no symptoms of Hashimoto's thyroiditis or Graves' disease before or after therapy. The TRAb value was elevated at 3MFU for one patient (no. 7). Due to the combination of MWA and RIT, it cannot be clearly determined whether TRAb development is a result of MWA or RIT. Correspondingly, only one patient was found to develop TRAb during 3MFU, nevertheless, staying euthyroid.
Complications
No serious complications occurred during treatment. There were no interruptions and discomfort stayed at a minimum. The following complications were reported for MWA: mild pain during the procedure (2/15), mild superficial hematomas due to pressure of the US probe (1/15) and first-degree burns alongside the puncture channel which disappeared within a couple of days (1/15). Ultrasound assessments assured that the hematomas did not reach deeper tissue layers. Serious complaints, such as swallowing problems, vagal reactions or subjectively noticeable voice changes, did not occur.
Discussion
! Surgery and RIT are often recommended as the first option for the therapy of nodular goiters. As both of the therapies involve drawbacks and complications, e. g. scar formation, nerve lesions, hypothyroidism or thyroiditis [1, 18] , and surgery is often contraindicated or refused by older patients due to high surgical risk because of cardiopulmonary diseases, attention is increasingly focused on non-surgical alternative treatments. In the last two decades several nonsurgical, image-guided, minimally invasive approaches including RFA [7, 19] , LAT [8, 20], PEIT [21] , HIFU [8, 22] and MWA [1, 10, 11, 23] have been developed for the efficient treatment of thyroid nodules, without the risk of general anesthesia and while preserving normal thyroid function. Nevertheless, there is barely any research and results on thermal ablation of very large goiters as the treatment is quite time-consuming, needs more treatment sessions and is accompanied by increased discomfort [24] . In an evaluation of the efficiency of LA for thyroid nodules, Spiezia et al. [25] recommends adding radioiodine therapy for the effective treatment of very large nodular goiters. However, large goiters are frequently seen as a relative contraindication for the utilization of RIT as the risk of local symptoms, hypothyroidism and autoimmune thyroiditis is increased and the volume reduction is slow [26, 27] . For these patients higher activities of I-131 are required. As shown in • " Table 1 , 2, preceding thermal ablative treatment not only accelerates the reduction of total thyroid volume but also reduces the target volume and, consequently, activity for I-131 therapy.
Until now, there have been two studies analyzing the impact of combined therapies on nodular goiters. One reports efficient treatment using ultrasound-guided PEIT combined with RIT in patients with toxic thyroid nodules [28] . PEIT, however, presents limitations in solid nodules and is currently recommended for cystic lesions only [29] . Chianelli et al.
[5] combined LAT and RIT for the treatment of toxic nodular goiters and obtained a reduction of 71.3 ± 13.4 % in nodule volume and a reduction of 21.1 ± 8.1 % in administered radioiodine activity. Nevertheless, LAT presents limitations in autonomously functioning thyroid nodules. Chianelli claims that the favorable results are inconsistent, and the normalization of thyroid function usually requires repeated treatment sessions [30] . MWA is applicable on any kind of nodule, i. e., hot, cold, indifferent, cystic, solid or mixed, and has various advantages compared to the above-mentioned techniques. A previous study [16] introduced the positive results of combined MWA and radioiodine therapy. The statistically significant thyroid volume reduction of 24 ± 6 % (p < 0.05), the reduction in administered I-131 activity by 24 ± 6 % (p < 0.05), the good treatment response and the small number of adverse events demonstrated that the combined MWA and RIT therapy could be an effective and safe conservative approach to treating large nodular goiters. An additional study approved the therapy for the treatment of patients with simultaneously hypo-and hyperfunctioning thyroid nodules [31] . The presented study focused on thyroid volume and thyroid function at 3MFU. Regarding surgery, especially thyroidectomy, hypothyroidism cannot be prevented and lifelong substitution of thyroid hormones is necessary. Concerning the impact of minimally invasive techniques on thyroid functions, there have only been a few reports. Transient hyperthyroidism is described after RFA [32] . Hypothyroidism is reported more often, especially, subsequent to PEIT for the treatment of autonomously functioning nodules [33] . After LAT and RFA, hypothyroidism occurs rarely [34] . In a few cases hypothyroidism is also reported after radioiodine therapy. This contributes to the inevitable impact of I-131 on the entire thyroid gland [35] . A recent 3-month follow-up study proved that MWA does not affect thyroid function in patients with benign thyroid nodules [36] . As hypothyroidism often develops after a period of three months post-therapy, data has to be treated with caution and it cannot be completely excluded that hypothyroidism will occur. However, the 4 out of 15 patients in this study that went through a 6-month follow-up (6MFU) did not develop hypothyroidism. Laboratory parameters TSH, T3 and T4 did not change significantly after MWA or at 3MFU/6MFU of the combined therapy (p < 0.05) ( • " Table 3 ). Patient no. 4 and no. 8 even improved to normal TSH levels at 3MFU. This demonstrates the positive effect of combined therapy on thyroid function. For one patient (no. 6) the TSH values before and 3 months after treatment were lower than normal levels without showing any signs of hyperthyroidism. Consequently there is no correlation between therapy and the low levels. In this case therapy had no effect on thyroid function, positive or negative. However, for all patients the thyroglobulin (Tg) levels were elevated significantly in the measurements after MWA but decreased back to baseline at 3MFU. Tg is used for measurements of thyroid tissue injury, such as growth factor and tumor marker. One explanation might be that Tg values increased after ablation due to injured necrotic thyroid tissue and recovered during the 3MFU period due to healing processes. Similar findings were reported by Valcavi et al. [37] after LA of benign thyroid nodules. It cannot be clearly determined whether the elevated TRAb development in patient no. 7 ( • " Table 4 ) at 3MFU is a result of MWA or RIT. The further planned procedure would have been to treat the developed Graves' disease with RIT. Fortunately, this was not necessary as pre-RIT assessments showed that the TRAb level decreased back to the normal range. Nevertheless, Monzani et al. [33] concluded that a massive release of partially denatured TSH receptors could be a reason for the development of increasing TRAb levels after ablation of toxic nodules with PEIT. Therefore, an immunization process caused by MWA cannot be excluded completely. Nygaard et al. [38] demonstrated that immunization processes can be triggered by I-131 therapy, not only related to radiation thyroiditis but also as a Graves'-like hyperthyroidism induced by TRAb. Finally, it can reasonably be assumed that the elevated TRAb level was an effect of RIT as there is more evidence for antibody developments after RIT [38, 39] and hardly any for MWA. This case has to be intensively investigated and observed in future studies. Furthermore, it is important for future therapy to investigate if and to what extent combined therapy is more effective than traditional RIT. The only study comparing a combined therapy of thermal ablation and RIT versus traditional RIT monotherapy in a head to head study was carried out by Chianelli et al.
[5], and found faster volume reduction and symptom relief and faster control of hyperthyroidism utilizing the combined therapy. In order to underline and verify the efficacy of the combined therapy, additional studies with more patients and extended follow-up periods are required. Thyroid function and volume development must be observed continuously.
Conclusion
!
The 3-month follow-up study shows that the combined therapy of MWA and RIT displays an effective approach for the treatment of large benign nodular goiters. Very large goiters that had to be operated according to the German nuclear medicine guidelines could be treated conservatively and safely. A major benefit compared to surgery is the improvement or preservation of thyroid function accompanied by statistically significant thyroid volume reduction. Thyroid hormone substitution would not be required. Nevertheless, due to the limited number of patients, future studies with a stronger data base will have to investigate the longterm benefits.
Clinical relevance of the study ▶ The combination of MWA with RIT significantly reduces goiter volume, administered activity and hospitalization time.
▶ Thyroid function is preserved at the 3-month follow-up. ▶ Combined therapy can be seen as an innovative and conservative approach to treating very large benign nodular goiters.
